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The pre-Hispanic archaeological record of northern Chile 
preserves large quantities of desiccated crop remains in both 
domestic and funerary contexts due to exceptional organic 

preservation in the hyperarid Atacama Desert. Their abundance 
and diversity suggest a level of agricultural success that is difficult 
to explain given the region’s arid environment. The transition to 
agriculture began here around 1000 bc and eventually supported 
permanent villages and a sizeable regional population1. How was 
this development possible, given the extreme environmental condi-
tions? Although evidence for irrigation canals and terraces has been 
identified in the Atacama2,3, water is not the only prerequisite for 
successful agriculture. In the hyperarid core of the Atacama, most 
soils must be conditioned for agriculture by the addition of organic 
matter and nutrients, with (possible) exceptions around oases and 
river terraces where organic content is higher. Recent studies of 
several hyperarid soils associated with certain archaeological sites 
where agricultural activity took place contain elevated concentra-
tions of total organic C, N and PO4. These sites, located between 
1,000–3,200 m above sea level, date to 2,000, 1,000 and 400 years ago, 
respectively, suggesting an anthropic influence in those periods4,5. 
The question remains, however, as to how these fields and soils were 
enriched (probably using manure) for agricultural purposes.

We analysed the stable carbon and nitrogen isotope composition 
of archaeological plants (n = 246) to investigate manuring practices 
in northern Chile, specifically the Tarapacá region (19°–21° S), 
South Central Andes (Fig. 1 and Supplementary Information 1). 
Based on archaeological context and direct radiocarbon dates on 
plants, our dataset spans the transition to agriculture from around 
1000 bc to the expansion of the Inca State around ad 1450 and the 
following Spanish conquest in the Tarapacá region, comprising the 
Formative (1000 bc–ad 900), Late Intermediate (ad 900–1450), 
Late (Inca) (ad 1450–1531) and Colonial Periods (ad 1531–1800). 
We further compile human stable carbon and nitrogen isotope data 
from northern Chile to evaluate changes in diet associated with agri-
cultural practices. The human data includes the Middle Period (ad 
500–1000), an archaeological period that is not present in Tarapacá, 
but is found in the regions of Arica to the north and San Pedro de 
Atacama to the south.

Results
Published radiocarbon dates together with new direct radiocarbon 
dates on crops from the archaeological sites considered here are 
presented in Supplementary Table 1. Isotopic results for the main 
C4 plants, maize (Zea mays) and amaranth (Amaranthus sp.), and 
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C3 plants, quinoa (Chenopodium quinoa), chilli pepper (Capsicum 
sp.), gourd (Lagenaria sp.), squash (Cucurbita sp.), common beans 
(Phaseolus vulgaris), lima beans (P. lunatus), cotton (Gossypium sp.) 
and the wild legumes algarrobo (Prosopis sp.) and chañar (Geoffroea 
decorticans) from inland Tarapacá sites are shown in Fig. 2 and 
Supplementary Table 2. Plants using C3 or C4 photosynthetic path-
ways are clearly distinguished by their δ13C values. The δ15N values 
are uniformly high compared to most other parts of the world, but 
by far the highest values occur in plants from the Late Intermediate 
Period onwards (Fig. 2).

Formative Period crop δ15N values show a mean and standard 
deviation of 6.3 ± 4.0‰ (n = 70). We exclude on statistical grounds 
three clear outliers with very high values of 18.3‰, 19.5‰ (both 
squash) and 23.0‰ (maize). They may have been misattributed 
to the period due to postdepositional disturbance (Supplementary 
Information 1). A dramatic increase is observed with the Late 
Intermediate Period (20.2 ± 6.5‰, n = 83; P < 0.001, Kruskal–Wallis 
test; Supplementary Table 3) (Fig. 2) that is maintained in the Late 
and Colonial Periods, which cannot be distinguished statistically 
(Supplementary Table 3). Wild fruits, algarrobo (Prosopis sp.) and 
chañar (G. decorticans), also show a marked increase in δ15N values 

for the Late Intermediate and Late Periods (Fig. 2b), compared to 
the preceding Formative Period (Supplementary Table 3). One wild 
plant (Prosopis sp.) sample with exceptionally high δ15N (31.1‰) in 
the Formative is a statistical outlier, and again may be intrusive due 
to postdepositional disturbance.

Seabird guano during pre-Hispanic times. The magnitude of the 
15N-enrichment in plants observed here cannot be explained by 
invoking standard influences, such as low rainfall, or conventional 
soil enrichment methods. Low rainfall (that is, the ‘aridity effect’) 
cannot account for these high δ15N values. The highest observed 
plant δ15N values in both modern and ancient natural Atacama eco-
systems are well below 12‰ (ranging from −2‰ to 12‰; mean 
5.9 ± 3.2‰)6,7, while soil δ15N values decrease below the threshold 
at which most biological activity ceases6. Similarly, high δ15N val-
ues cannot be the product of diagenesis as argued by DeNiro and 
Hastorf8, who obtained high δ15N values for desiccated plants from 
Peruvian coastal sites in contrast with charred highland specimens 
yielding low values more consistent with the usual range for plants. 
Recent studies, however, dispute the diagenesis explanation9–11. 
For instance, no systematic differences were found in δ15N values 
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Fig. 1 | Map of northern Chile. Archaeological site locations are indicated by numbers. m.a.s.l., metres above sea level.
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between Late Moche charred and desiccated plants in northern 
Peru10. Finally, it is now widely recognized that manuring leads to 
15N-enrichment12,13, and that this effect can be marked. Plant growth 
chamber experiments evaluating the impact of organic fertilizers on 
crops showed that seabird guano can increase plant δ15N values up 
to 20–40‰ (ref. 14). Field experiments using modern maize in Peru 
showed that application of llama dung to crops increased maize 
δ15N values by 1.8–4.2‰, whereas seabird guano increased them by 
11.3–20‰ (ref. 15).

Seabird guano deposits are abundant on the Pacific coast and 
their use as fertilizer was documented post contact by early chroni-
clers16–20. The main species responsible for guano deposits on the 
Pacific coast are Phalacrocorax bougainvillii (Guanay or cormo-
rants), Sula variegata (Piquero or Peruvian booby) and Pelecanus 
thagus (Peruvian pelican)21. Seabird guano has conspicuously high 
δ15N values reflecting the birds’ consumption of 15N-enriched fish, 
which is further strongly increased by aerobic decomposition and 
subsequent volatilization of ammonia22. This leads to extremely 
high δ15N values for rookery deposits off Antarctica22,23 and north-
ern Chile (23.0 ± 8.4‰)24. On the basis of this information, we 
argue that the high crop δ15N values could only have been caused by 
the use of seabird guano as a fertilizer.

From their δ15N values (8.1 ± 7.0‰, n = 45), some wild legumes, 
algarrobo (Prosopis sp.) and chañar (G. decorticans), may also 
have been irregularly and indirectly fertilized with seabird guano. 
Although both species grow wild in the Atacama along under- or 
above-ground water courses today, they were probably a human 
introduction around 3,000 years ago25. While both are N2-fixers 
(with expected δ15N values close to atmospheric nitrogen), just nine 
samples out of 46 approached ~0‰ in our study. Experiments show 
that fertilizers do influence the nitrogen isotope composition of 
legumes26; thus, we argue that algarrobo and chañar values were also 
influenced by the uptake of enriched 15N from fertilizers, including 
seabird guano.

It is likely that a range of organic fertilizers were used in north-
ern Chile from the Formative, such as camelid dung and composted 

green manure; in addition, human night soil, fish heads (sardines) 
and/or decomposed leaves (poña) are specifically mentioned in the 
chronicles of the Colonial Period18,27. The use of naturally occurring 
nitrates can be ruled out, as these exhibit low δ15N values28, with those 
in the Atacama Desert specifically ranging from −5‰ to 5‰ (ref. 29).  
None of these fertilizers even approach the high δ15N values seen with 
seabird guano, which can reach values as high as +35‰ (ref. 22).

We therefore conclude that the high δ15N plant values observed 
for the Late Intermediate Period onwards are due to application of 
seabird guano to crop fields, while lower crop values during the pre-
ceding Formative Period reflect a combination of manuring with 
compost, camelid dung and so on15. Thus, the use of seabird guano 
beginning with the Late Intermediate Period marks a shift in both 
agricultural intensification and large-scale regional interaction that 
continued into the Late and Colonial Periods. Systematic use of sea-
bird guano required its acquisition and transport from the coast, 
probably in a similar manner to that observed historically16,27, with 
the transport of guano by llama caravans or people from the coast 
to oasis settlements over distances of more than 90 km, under very 
difficult travelling conditions through the desert.

Historical accounts of seabird guano use. The seabird guano trade 
was observed and documented by early European chroniclers post 
contact. The earliest documented evidence for the use of guano is 
immediately post contact, in 1548–1549 (ref. 17). Ethnohistorical 
records from the sixteenth to nineteenth centuries describe how 
local people travelled in small watercraft to obtain guano from 
rocky islets off the Pacific shore, from southern Peru to the Tarapacá 
coast in northern Chile, and how seabird guano was extracted, 
transported inland and applied in small amounts to obtain success-
ful harvests16–20,30. Their complex rafts were made of two joined sea 
lion skin pontoons with a wooden deck, as described and drawn by 
Frezier16 (Fig. 3).

Although guano was said in early historical accounts to be 
equitably distributed to each village18,31, the same sources state 
that access to guano was strictly regulated, warranting the death  
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penalty for those who extracted more than authorized or entered 
their neighbour’s guano territory, emphasizing its high value. 
Similarly, it has been argued that strictly controlled Inca practices 
on access to guano had earlier antecedents27, and that along the 
Peruvian coast guano access was more likely to be unequal than 
not with exclusive access to particular accumulations for some 
groups32,33. This view is consistent with our findings.

Human diet changes and guano influence. To evaluate the impact 
of the consumption of fertilized crops on human diets through time, 
we compiled and analysed 846 published human stable isotope 
measurements from the Formative to the Late Periods across north-
ern Chile with δ13C measurements on bone collagen, apatite and 
tooth enamel, and δ15N measurements on bone and dentine colla-
gen (Fig. 4 and Supplementary Table 4). Since we include data from 
the Arica-Occidental valleys (north of Tarapacá) and the Loa-San 
Pedro de Atacama (south of Tarapacá) areas, we include the Middle 
Period (ad 500–1000), reflecting the presence of Tiwanaku influ-
ence in these regions.

Humans in inland sites show a dramatic increase in δ15N val-
ues (Kruskal–Wallis, P < 0.001, Supplementary Table 5) after the 
Formative Period, following the same trend observed for crops 
(Fig. 4). No significant differences are found between the Middle 
(ad 500–1000), Late Intermediate and Late Periods (Supplementary 
Table 5). The δ15N shift does not occur on the coast or in the pre-
cordillera. A clear increase in δ13C values for human bone collagen 
and bioapatite is also observed for post-Formative inland Atacama 
sites. Even strongly marine diets are unlikely to show δ13C values 
above approximately −10 to −12‰ for collagen and roughly −8 to 
−10‰ for bioapatite34; rather, higher values than this should reflect 
C4 consumption35. Inland humans in the Formative are significantly 
lower in both collagen and bioapatite δ13C compared to the subse-
quent Middle, Late Intermediate and Late Periods (Kruskal–Wallis, 
P < 0.001; Supplementary Table 5), mirroring the trend seen in crop 
δ15N values (Fig. 2b).

The data indicate that the consumption of maize increased sub-
stantially to the status of a staple crop only after the Formative Period 
in inland sites, as seen in the step change in human δ13C values, and 
that this coincided with the application of seabird guano as a fer-
tilizer, as seen in the high δ15N values of both crops and humans.  

An increase in abundance of maize cobs and kernels is also observed 
in Late Intermediate and Late Period sites36,37, in contrast to the previ-
ous Formative in which less frequent maize finds indicates that they 
may have been used primarily in ritual contexts38,39. Consumption of 
fertilized crops clearly had a marked effect on the isotope composi-
tion of domestic animals as well as humans. At the Pica 8 cemetery 
(ad 900–1400), δ15N values for camelid fibres reached a maximum 
of around 19‰, which is extremely high for a terrestrial herbivore40. 
Hence, it seems that some camelids also had access to fertilized crops 
or crop waste. No comparable trends are observed for any period 
on the coast, where human δ13C and δ15N values remain simi-
lar over time, demonstrating the persistence of a distinct, strongly 
marine-focused diet41,42. Further, coastal human δ13C values are 
never as high as they are in inland sites, suggesting that maize, even 
though it was certainly consumed, never became a staple food, con-
sistent with previous archaeological and archaeobotanical studies1.

Furthermore, no consistent offsets were found at Pica 8 between 
paired radiocarbon dates of humans with high δ15N values (above 
20‰)—often assumed to represent high trophic level marine 
diets—and camelid fibres. If marine foods were consumed, the 14C 
offsets should reflect a marine reservoir effect of up to 800 years  
(ref. 40), the fact that they did not indicates that high human values 
reflect consumption of 15N-enriched crops rather than of marine 
foods. One implication is that the use of high δ15N values as straight-
forward indicators of marine diets is problematic, at least in inland 
individuals from the Middle, Late Intermediate and Late Periods in 
northern Chile, and probably also in southern Peru. This provides 
further support for previously proposed cautions regarding the 
interpretation of high δ15N values from inland sites as necessarily 
being indicators of marine diets15,40.

While high on average, the considerable variability of δ15N val-
ues for plants, humans and camelids in inland sites indicates dif-
ferential access to seabird guano during the Late Intermediate and 
Late Periods, (Figs. 2a and 3). Some individuals, it seems, lacked 
consistent access to guano, and probably continued to rely on other 
means of maintaining soil fertility27. Thus, exchange links with the 
coast, whether kin-based or otherwise, were not equally distributed 
and were possibly a source of influence and power. The use of maize 
in feasting contexts to build or consolidate socio-political support 
is a well-known ‘pathway to power’ in the Andes43,44, which in this 
context may have incentivised its initial intensification, facilitated 
by the use of guano. An additional factor potentially relevant for the 
timing of extensive use of seabird guano in the Late Intermediate 
Period is the increasingly unpredictable climate from around ad 
1100, with the resulting social stresses recorded in a shift in settle-
ments from the valley bottoms to defensive hilltop locations45. This 
situation may have encouraged new means of enhancing crop secu-
rity and productivity.

Recently published crop δ15N values46 mainly from the Formative 
and Middle Periods from south of Tarapacá, associated with the 
Loa-San Pedro cultural region, also show no strong 15N-enrichment 
before the Late Intermediate Period (Supplementary Information 3).  
However, the practice of using seabird guano for fertilizer may be 
earlier elsewhere, if we accept that the high δ15N values reported for 
some desiccated plants from the coastal valleys of central Peru8 are 
not diagenetic but authentic10. While no direct radiocarbon dates 
for those plant remains from Central Peru are available, some of 
these sites could be considerably older. The implications are differ-
ent for the two regions, however, since the Atacama case involved 
transport of guano over 90 km from the coast to inland oases, and 
at considerable cost.

Conclusions
We conclude that the most parsimonious explanation for high δ15N 
values observed for crops and humans in northern Chile is the  
use of strongly 15N-enriched manure, which can only refer to  

a b

c

Fig. 3 | Modern, historical and archaeological images associated with 
seabird guano and crops. a, Modern seabird guano accumulations in 
Patache, Tarapacá region, northern Chile (picture of Exequiel Sagredo 
Wildner). b, Man on a sea lion skin raft described by Frézier (1717). The 
rafts were used for collecting guano on the Pacific coast of northern Chile 
(Cieza de León, 1984). c, Maize cob with grains and popcorn collected from 
the Formative site, Tarapacá 40 analysed in this work. Scale bar, 10 cm.
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seabird guano47. On the basis of the plant data, the systematic use 
of guano is attested from the Late Intermediate Period onwards 
(roughly ad 1000). Its application to crops is mirrored by trends 
in human collagen δ15N values for many, but not all, individuals, 
indicating unequal access. The marked effects on human δ15N val-
ues argue against their use as straightforward indicators of marine 
diets under such circumstances. Given the chemical composition of 
seabird guano with its high phosphate concentrations22,23, a comple-
mentary test for guano application to agricultural soils would be the 
existence of spatially demarcated areas of high PO4 concentrations 
in sites.

Concomitant shifts in human bone collagen and apatite δ13C 
indicate an increasing reliance on maize, denoting that the impor-
tation and use of seabird guano and intensive cultivation of maize 
are tightly linked. Notwithstanding the general shift at the onset of 
the Late Intermediate Period, however, the variability in the human 
isotopic data indicates differential access to guano, which probably 
constituted a source of status and power within local communities. 
Seabird guano was transported from the coast to the interior in large 
quantities for at least 400 years before the Inca. Enormous effort 
was expended on this process, an investment that clearly brought 
rewards in the form of higher crop yields for oasis and valley com-
munities, particularly for the staple maize. It is for this reason that 
seabird guano became widely known in the nineteenth century as 
‘white gold’48.

Methods
A total of 246 desiccated plant samples was analysed, including crops and ‘wild’ 
fruit species. Details regarding the sites are provided in Supplementary Information 
1. The cultural sequence is as follows: Formative Period (1000 bc–ad 900), Late 
Intermediate Period (ad 900–1450), Late Period (ad 1450–1531) and Colonial 
Period (ad 1531–1800).

New archaeological excavations were carried out at the Tiliviche 1B site 
to obtain maize samples for this study. The excavation was authorized by 
the National Council of Monuments of Chile (Permit no. 3575). All other 
macrobotanical remains were sampled with permission from museum and 

university collections: the Departamento de Antropología of the Universidad de 
Chile, Instituto de Investigación Antropológica of the Universidad de Antofagasta, 
Centro Experimental Canchones of the Universidad Arturo Prat, Instituto de 
Investigaciones Arqueológicas y Museo of the Universidad Católica del Norte and 
the Museo Regional de Iquique.

All plant samples were well preserved. They were cleaned manually to remove 
dust and sand particles before homogenization in a cryogenically cooled Spex mill 
at the University of Oxford, while a set (n = 200) were ground using a pestle and 
mortar and mechanical grinder at the Universidad de Antofagasta. All samples 
were rinsed in MilliQ and distilled water after being ground, centrifuged three 
times and freeze-dried49. Samples were analysed separately for carbon and nitrogen 
isotopes, since larger sample sizes are generally required for nitrogen, given the 
much smaller amounts of this element usually present in plants. Measurements 
were made on a SERCON 20/22 continuous flow mass spectrometer coupled with 
an elemental analyser. Results were checked for precision and calibrated using 
IAEA CH-6 and caffeine standards for the carbon isotope runs, and IAEA USGS-
40 and USGS-41 for the nitrogen isotope runs50. Analytical precision was 0.1‰ and 
0.3‰ for carbon and nitrogen, respectively, on the basis of repeat measurements of 
the standards. Results for %C and %N are presented in Supplementary Table 1.

Statistical analyses were performed in R51. As the data were not normally 
distributed, as determined by Shapiro–Wilk tests, Kruskal–Wallis tests coupled 
with post hoc Dunn tests were carried out to compare the different crops and 
periods. A significance level of α = 0.05 was used for all analyses. Outliers were 
identified using median absolute deviation52.

A recent experimental study10 pointed to a potential problem with δ15N 
measurements in plants with very high C/N, thus we tested this relationship for the 
Atacama Desert macrobotanical remains reported here. They show no correlation 
between δ15N and C/N atomic ratios (r2 = 0.001, P = 0.567; Supplementary 
Information 4). Just three out of 246 samples had C/N ratios above 100 and they 
show low δ15N values (see Supplementary Information 4 for the plot and discussion 
of the questions related to high [C], low [N] questions).

Nine radiocarbon dates were carried out at the Oxford Radiocarbon 
Accelerator Unit. Pretreatment was carried out following the abscisic acid protocol 
for plants53. Dates were calibrated using the SHCal13 calibration curve54 using the 
Oxcal Programme v.4.3 (ref. 55).

Archaeological plant carbon and nitrogen isotope values were compared with 
data obtained by Díaz et al.6 and Santana-Sagredo56 for modern plants, as presented 
in Supplementary Information 2.

A total of 846 published human stable isotope values obtained from bone 
and dentine collagen, bone apatite, enamel apatite data for northern Chile were 
analysed using the same statistics. The human values come from studies in the 
Tarapacá region but also from the Arica/Occidental Valleys and San Pedro de 
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Atacama/Loa areas. Only results with C/N ratios falling in the expected range  
for good collagen preservation (2.9–3.5) were used, and results lacking published 
C/N ratios were excluded. We included only adolescent and adult individuals,  
to avoid possible nitrogen isotope variability influenced by breastfeeding or 
childhood growth57. Human data were divided into Formative, Middle, Late 
Intermediate and Late Periods, and by geographical location to coastal  
(0–10 km from the coast), inland (10–150 km from the coast) or precordillera 
(>150 km inland).

Stable carbon isotopic values on bioapatite were considered to address the 
isotopic overlap between marine resources and C4 plants that are both enriched 
in 13C. This leads to two possible sources when only bone collagen values are used 
because collagen, a polypeptide, is strongly influenced by the isotopic composition 
of dietary protein, whereas bioapatite δ13C instead reflects the integrated isotopic 
composition of the entire diet including the input from carbohydrates58, and thus 
provides a more holistic indication of C4 plant consumption.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data generated or analysed during this study are 
included in this published article (and its Supplementary Information files).
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Supplementary Information 1 

 

A brief description of the archaeological sites from which archaeobotanical remains were 

collected is given here. 

 
1) Pircas 1. Located in the northern area of the Tarapacá Ravine, Pircas is a domestic site with 

562 circular stone structures, distributed over c. 90 ha1. The site has been dated to the 

Formative Period, and is associated with the cemetery Pircas 6.  

2) Caserones 1. Located in the southern area of the Tarapacá Ravine, Caserones is a village dating 

to the Formative and beginning of the Late Intermediate Period2. It shows a complex structure 

that includes 646 domestic and storage areas, as well as mud walls, distributed over 3.75 ha. 

Macrobotanical remains analyzed in the present paper come from Formative contexts. 

3) Tarapacá 40. Located on the northern side of the Tarapacá Ravine in between Pircas 1 and 

Caserones 1, Tarapacá 40 is a cemetery mainly of the Formative Period3
, but there is some Late 

Intermediate Period activity. The crops and wild fruits obtained from this site are considered 

to be largely associated with the Formative Period. Two outlier 15N values representing a 

Prosopis sp. and a Lagenaria sp. sample, respectively, were excluded as statistical outliers 

based on the Median Absolute Deviation (MAD) method. The exclusion of these outliers does 

not make any difference to the results obtained. The Kruskal Wallis tests are not altered either 

when including or excluding the outliers.     

4) Guatacondo 1. Located in the southern area of the Guatacondo Ravine, Guatacondo is a 

domestic site with 177 structures distributed over 0.78 ha4. This site has been dated to the 

Formative Period, showing important agricultural activity based on field crops.  

5) Iluga Túmulos. Located in the Pampa del Tamarugal this site is associated with extensive 

agricultural fields, a vast spread of ceramic debris, and round and square public structure and 

tumuli (Uribe unpublished). Based on the diagnostic material on the surface the site was 

occupied from the Formative to the Colonial Period. Radiocarbon dates have shown direct 

evidence of occupation during the Formative Period. Plants analyzed here come from an 

excavation unit with two dates in the Formative Period. Nevertheless, there could be later 

material present considering the multi-occupational character of this site. One of the crop 

samples came from surface collection.  

6) Tana Norte and Sur. Located in the Tana Ravine these two sites are associated with funerary 

contexts. Initially, the site was suggested to belong to the Formative Period5, but new direct 

dates on crops for the present study only reflect the Late Intermediate Period, indicating 

activity at that time as well.  

7) Quillagua La Capilla. Located in the southern margin of the Loa river, La Capilla is a domestic 

site with 72 structures next to the modern town of Quillagua6. Radiocarbon dates obtained from 

the site are associated with the Late Intermediate Period. 
8) Pica 8. This is a cemetery located in the Pica oasis, with more than 250 burials most of which 

date to the Late Intermediate Period7. 

9) Mocha 2. Located in the Precordillera of the Tarapacá Ravine at 2400 m above sea level, 

Mocha 2 is a cemetery dating to the Late Intermediate Period8. 

10) Tiliviche 1B. This is a domestic site located in the Tiliviche Ravine, with occupations 

associated with the Middle and Late Archaic Periods, but also the Late Intermediate Period9. 

Samples collected for this study are from Late Intermediate Period contexts.  
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11) Tarapacá 13. Located in the southern area of Tarapacá ravine, Tarapacá 13 is a domestic site 

with square architectural structures10. The site dates to the Late Intermediate Period, following 

direct radiocarbon dates carried out on archaebotanical remains (Vidal, unpublished).  

12) Tarapacá 49.  Located in the southern area of Tarapacá Ravine, next to the modern town of 

Tarapacá, this domestic site with at least 108 architectural structures is associated with Inca 

and Spanish occupations during the Late and Colonial Periods11. The samples analyzed here 

come from Late Period contexts. 

13) Alero Cerro Colorado 7.  This is a 28 m2 rockshelter located at the Precordillera near Cerro 

Colorado area. This site has occupations dating to the Formative and Colonial Periods12. There 

is evidence for ceremonial use of the site. Samples collected for this study date to the Colonial 

Period. 

 

Supplementary Information 2 

 

Bivariate plot of 13C and 15N values for modern plants13,14, archaeological crops (analysed 

here) and archaeological wild plants from the Atacama Desert (between latitudes 20º25’S and 

23º50’S) Modern plants 13C values were corrected by +1.5‰ for the Suess effect15. 
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Supplementary Information 3 

 

Bivariate plot of 13C and 15N for (a) archaeological plants analysed in this study compared to 

(b) archaeological plants published for the Loa-San Pedro cultural area16. Plant species are 

indicated by symbols, while periods are indicated by colours. 
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Supplementary Information 4 

 

Bivariate plot of C/N atomic ratios and 15N values for archaeological plants analysed in this 

study including crops (maize, chili peppers, squash, pumpkin, quinoa, beans, potatoes) and wild 

plant legumes (algarrobo and chañar). 

 

 

We compared 15N of plants versus their C/N ratios in order to check whether there was any 

correlation following suggestions earlier17 that very low nitrogen to high carbon concentrations 

may produce abnormally high 15N values. 
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An experimental study17 on archaeological desiccated macrobotanical (n=10) and charred plant 

remains (n=16) from the northern coast of Peru, was carried out to reevaluate an earlier study18 

that inferred diagenesis in desiccated coastal plants with very high 15N values. They17 reported a 

mean 15N of 10.2±5.1‰ for all plants with C/N atomic ratios below 20. Using this as a dividing 

point, they found a statistically significant difference in 15N values for desiccated plants in the 

earlier study1, with those exhibiting C/N <20 having lower values (13.9 ± 7.9‰ vs. 20.3 ± 8.1‰; 

t = 3.33, p = 0.001). They proposed on this basis that those with higher values were suspect, due 

mainly to the difficulties of measuring such low amounts of nitrogen. There are two issues with 

this conclusion. First, carbon and nitrogen isotope values for plant remains in the earlier study 

were measured using cryogenic distillation and entirely separate measurement of CO2 and N2, 

rather than continuous flow IRMS, so that relative gas concentrations inferred from C/N ratios are 

less relevant. Second, the comparison included legumes, which, because they are higher in 

nitrogen, were heavily biased towards the group of plants with C/N <20 (comprising 43% vs. 14% 

in those with C:N >20). Removing legumes (with a mean of 11.6 ± 6.0‰) from the comparison 

makes the difference between the two plant groups statistically insignificant (16.5 ± 8.2‰ vs. 21.0 

± 8.0‰; Student’s t-test, t = 1.82, p = 0.073), with no correlation between C:N and 15N values (r2 

= 0.010, p = 0.420). Similarly, the Atacama Desert macrobotanical remains in this study show no 

correlation between 15N and C/N atomic ratios (r2 = 0.001, p = 0.567; Sup. Inf. 3). Just 3 samples 

out of 246 had C/N ratios above 100 and they show relatively low 15N values.  
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